Introduction
The NASA-Goddard Space Flight Center is in the process of designing and building into electronic subsystems metal-oxide-semiconductor microcircuits for use in spacecraft telemetry that will be used on a number of space exploration missions. The systems design engineers are particularly attracted to these devices because of the volume/power conservation features of the devices. The first spacecraft to be flown by Goddard using these devices will be the IMP-D and the IMP-F. The first is a scientific satellite that was intended to be anchored in an orbit about the moon at an altitude of about 1000 km; the second is a highly eccentric earth-orbiting satellite with an apogee of about 196,000 km and a perigee of about 197 km. The typical orbital environment that might be anticipated by the second satellite is shown in figure 1 . At the time of design of the telemetry system in which the MOSFET's will be used, a comparison was made by the systems engineers, and they found for the electronic capability they desired, within the power and space considerations imposed by the overall spacecraft design, that this class of devices (P-channel, enhancement mode MOSFET's) was the only available that would do the job. circuits would meet the space requirements,
The then available bipolar microbut not the power requirements, by about a 15:l ratio. The power requirements could be met using conventional components (transistors, diodes, resistors), but not the space requirement (ratio about 8: 1). So, that left the MOSFET microcircuit as the only available device , meeting all the necessary requirements.
This resulted in a strong practical interest at GSFC as to how the MOSFET devices would hold up in the typical radiation environments they might see in space. This led to the general engineering study of the effects that is reported, in part, in this paper.
First, there is the general environment to be considered. The region of prime interest is cislunar space, and here the prime radiation ambient with regard to semiconductor device damage is electrons and protons. Fairly extensive information is available that indicates, with usable accuracy, the type, energy and intensities of the ambient energetic particles, so a t least reasonable engineering estimates can be made as to what simulation experiments should be performed to indicate how these devices generally perform in that ambient. Figure 2 is an example of environmental information, and the uncertainty factors involved for a typical earth satellite. In this case, it is the Polar Orbiting Geophysical Observatory (POGO).
Experiment Discussion and Results
Taking into consideration the type radiation of interest and the availability of facilities, the first tests were run using two different radiation types: Co-60, gamma and 2 Mev electrons. The devices looked at in these experiments were single transistor p-channel, enhancement-mode MOSFE T' s (X1004-GME). These ..
initial results a r e summarized in Figures 3 , 4 , and 5. Gm is defined as the slope of the VG-ID curve in the active region, and the threshold voltage is defined as that gate voltage necessary to cause a drain current (ID) of 10 microamperes to flow with 20 volts on the drain terminal. The body and source connections were grounded. Enough was determined by these experiments to indicate there could be serious problems with MOSFET in a space environment. It also indicated that the condition of bias during the exposure to radiation played an important role in just how much change in threshold voltage was attained by a given exposure.
The next set of experiments were directed toward the microcircuits that were to be used in the IMP telemetry system. In this case, instead of individual MOS transistors, the microcircuit SC 1128-GME was used. This microcircuit is shown schematically in Figure 6 . This device had the convenient feature that each component transis tor could be evaluated individually , besides being the main microcircuit type being used in the IMP telemetry system. The environments used in these experiments were again the (20-60 and the 2 Mev electrons, with the addition of 22 Mev protons.
In the gamma (Co-60) experiment, nin e (9) SC 1128's were exposed, for a total of 27 MOS transistors. During the experiment, they were divided into three groups. These groups had varying bias conditions during the exposure. The first group was biased at VG = 10 V and ID = 90 pa, and the second group was biased at VG = 20 V and ID = 180pa (VD was the dependent variable ranging around one volt). The third was biased at VG = 6 V, ID = 5 4 p a until a threshold of 6 volts was reached; the bias was then increased to VG = 10 volts, ID -90pa until threshold of 8.6 volts was reached, and then VG = 20 volts, ID = 180 pa was the bias value. Typical results of this experiment are shown in Figures 7 through 9. The unit number, e.g., A-7, represents an entire SC 1128. The variation among transistors for a given microcircuit with regard to the VGth (threshold voltage) was insignificant, usually less than 0.1 volt variation. In the proton experiments (using 22 Mev cyclotron at ORNL), the method of measuring gate threshold was similar to that used in gathering electron data.
In addition, extensive use was made of the curve tracer (Tektronix 575) plots to evaluate the results of this type radiation on the MOSFET's. Figure 17 summarizes the change in threshold voltage as a function of bias during radiation.
It may be seen here again that there is an increase in threshold voltage with fluence as a function of the bias applied during radiation. The similarity between these curves and those of Figures 10 and 16 is to be noted. At this point, a factor that could be an important circuit feature should be mentioned here.
There might be a tendency in designers of digital circuitry using MOSFET's to use a high-bias voltage to compensate for the fact that V ing up with fluence. But inasmuch as the rate increases the harder the devices are biased on, careful consideration should be given to possibly overcompensating, causing the cure to be worse than the disease.
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To indicate what a sample spread in voltage thresholds might look like in a group of MOSFET integrated circuits, Figure 18 shows the spread in 15 transistors (5 microcircuits), biased during proton radiation at 20 volts, and exposed to total fluence at 1012p/cm2 (22 Mev). Figure 19 shows a composite picture of the VG -ID curves for a device that has a threshold in the 4-5 volt range a t zero radiation and how these curves would move out as a function of the bias applied during radiation. The total radiation in this figure is again 10l2 p/cm2 (22 Mev).
Another consideration the potential MOSFET user may be concerned with is the pre-and post-radiation dependence of the transfer curves (VG -ID) on the drain voltage (V,,). This is fairly small, as indicated in Figure 20 . Figure 21 shows a typical VD -ID curve for an SC 1128 MOSFET before and after proton to get a first cut a t this problem, and to be able to use the data at hand, let us make several simplifying assumptions. First assumption is that the damage caused is not energy-dependent. This assumption is not really valid, as there is some strong indication of inverse electron energy dependence (Ref. l), and there probably is a proton energy dependence. However, for this analysis, we will set aside this factor. This assumption permits us to equate the damage we get from electron and proton energies we have used in our experiments with the damage of equal numbers of electrons or protons of any energy that will be incident upon the MOSFET packages in the spacecraft. The second assumption we will make is that the damage from protons and electrons is merely additive, so that if we add the damage factor from the electrons to that of the protons, we will get a total damage factor. For our example we will assume that the operating bias condition in orbit is equivalent to a gate voltage of -20 volts.
Using these assumptions, we take the typical environment we have indicated in Figure 1 for the IMP-F satellite and show how this could affect a MOSFET (SC 1128) microcircuits. In Figure 1 , we see that there is, for the epoch indicated, a total electron dose (Ee > 0.5 MeV) of about 6 X 10l2 e/cm2-year and a total proton dose (EP > 15 MeV) of about 4.2 x 10" p/cm2 -year. We will examine the change in V is the most pronounced with radiation, and it is a change which is reflected in change in other parameters, such as Gm (DC). With no shielding from the spacecraft itself , you might expect (using Figures 15 and 18 ) that the increase in threshold voltage (initial value VGth = 5 volts) due to electrons to be about 10 volts and due to protons to be about 9 volts. This would lead to a new VGth a t the end of a year of about 24 volts. This would be in most cases excessive. In a normal spacecraft of the I M P type, we would expect the electronics to get with radiation, as it is this parameter's changes which gth average shielding of the equivalent of about 0.5 g/cm2 (Al). If we look at Figure   23 , we would see that this might be expected to shield out all protons below 20
Mev and all electrons below 1.25 MeV. This would bring our total electron dose incident upon our MOSFET's to 3.8 x 10l2 e/cm2-year and our protons down to Also of interest to the potential user of these devices is that where the Gm(DC) of the device is low, the drain current, ID, can only be driven out so far for any reasonable value of Vg and this current limitation is further aggravated by exposure to radiation. The principal observation that results from this comparison test is that MNS-FET devices, with acceptable initial electronic characteristics , show relatively little change with exposure to radiation such as might be encountered in space. Therefore, we feel that this nitride insulator approach is a promising solution to the MIS-FE T radiation susceptability problem.
After having run the comparison tests out to 5 x 1 0 l 2 e/cm2, and getting a good indication of the relative performance of the three types, it was decided to run the MNS devices in the test out to 10 l5 e/cm2. The overall change seemed to be relatively low, but some anomalous behavior was observed. Figures 37,   38 , and 39 show the behavior in this region. The scale is amplified to exaggerate this effect, which generally is a dip i n the curve followed by an increase. However, this dip does not start at the same dose for every device, even within a single bias group. The flux rate was higher during this run, than during the comparison runs; 10l2 e/cm2-sec as opposed to 1 
CONCLUSIONS
The general conclusions that can be made from these experiments a r e as follows:
1. Even with the radiation susceptibility of the earlier MOS-FET devices, they can be used in spacecraft applications with proper shielding. This shielding can be tolerated because of the space-weight-power savings made possible by use of MOS-FETs in the telemetry circuitry of interest.
MNS-FETs are a promising approach to making MIS-FET devices more
radiation tolerant, and efforts should be and are being promoted to develop these devices for this purpose; and at perhaps looking at other insulator materials, as well. 
